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Abstract 
There are infinite possible future scenarios reflecting the impacts of anthropogenic multiple 
stress on our planet. These impacts include changes in climate and land cover, to which  
aquatic ecosystems are especially vulnerable. To assess plausible developments of the future 
state of European surface waters, we considered two climate scenarios and three storylines 
describing land use, management and anthropogenic development (‘Consensus’, ‘Techno’ and 
‘Fragmented’, which in terms of environmental protection represent best-, intermediate- and 
worst-case, respectively). Three lake and four river basins were selected, representing a 
spectrum of European conditions through a range of different human impacts and climatic, 
geographical and biological characteristics. Using process-based and empirical models, 
freshwater total nitrogen, total phosphorus and chlorophyll-a concentrations were projected 
for 2030 and 2060. Under current conditions, the water bodies mostly fail good ecological 
status. In future predictions for the Techno and Fragmented World, concentrations further 
increased, while concentrations generally declined for the Consensus World. Furthermore, 
impacts were more severe for rivers than for lakes. Main pressures identified were nutrient 
inputs from agriculture, land use change, inadequately managed water abstractions and 
climate change effects. While the basins in the Continental and Atlantic regions were 
primarily affected by land use changes, in the Mediterranean/Anatolian the main driver was 
climate change. The Boreal basins showed combined impacts of land use and climate change 
and clearly reflected the climate-induced future trend of agricultural activities shifting 
















measures in the Consensus World (e.g. riparian shading), technical improvements in the 
Techno World (e.g. increasing wastewater treatment efficiency) and agricultural 
extensification in the Fragmented World. Results emphasize the need for implementing 
targeted measures to reduce anthropogenic impacts and the importance of having differing 
levels of ambition for improving the future status of water bodies depending on the societal 
future to be expected.  
 
Key words: Storylines, multiple stressors, climate change, land use change, water quality 
modelling, total nitrogen, total phosphorus, chlorophyll-a 
 
Introduction 
The surface waters worldwide are impacted by multiple anthropogenic stressors that threaten 
their ecosystem functioning, integrity and services (Jeppesen et al., 2014). Stressors can be 
seen as external abiotic or biotic factors derived from human intervention, moving a receptor 
(e.g. biological community, ecosystem state) out of its normal operating range (Sabater et al., 
2019). The stressors affecting surface waters arise from a variety of sources: point source 
pollution encompasses urban wastewater effluents, stormwater overflows and industrial 
emissions, whereas diffuse source pollution mainly originates from agricultural practices, 
discharges without connection to the sewage network, forestry and urban run-off. The main 
hydromorphological pressures include physical alterations of the channel, bed or riparian area 
of the water bodies, as well as the disruption of connectivity by embankments, dams, barriers 
and locks. Furthermore, water abstraction is disturbing the functioning of surface waters 
(European Environment Agency, 2018). As a consequence, they are one of the most degraded 

















Accelerated population growth and globalization are expected to further exacerbate drivers 
like agriculture and urbanization and subsequent pressures affecting surface waters in the 
decades to come (Ferreira et al., 2019; Sala et al., 2000). For instance, a higher food demand 
will result in an expansion of agriculture, displacing pasture or forest and subsequently 
reinforcing nutrient emissions and their impacts (Pacheco and Sanches Fernandes, 2016). The 
resulting eutrophication, which already constitutes a widespread environmental problem, will 
increase and lead to further deterioration in water quality and biodiversity (Valle Junior et al., 
2015; Almeida et al., 2018; Hutchins et al., 2018). Excess phytoplankton growth can lead to 
harmful algal blooms, anoxia and mortality of aquatic flora and fauna, resulting in severe 
ecological and economic losses (Bucak et al., 2018; Carvalho et al., 2013). Increasing climate 
change is expected to intensify this deterioration due to changes in temperature and 
precipitation patterns, which will alter nutrient inputs to water bodies as well as their physico-
chemical properties and biological communities (Chapra et al., 2017; Jeppesen et al., 2014). 
Current trends in agriculture and forestry practices will also promote global climatic changes 
and alterations in river flow (Grafton et al., 2018; Jackson et al., 2005). These expected trends 
highlight the importance of adequate methods to predict the future extent of anthropogenic 
drivers and their ecological impacts so as to support appropriate actions for mitigation and 
adaptation. 
 
Water quality models seek to comprehend the complex cause-effect chains of drivers acting 
on the state of water bodies. They are used to simulate the current status and predict future 
trends in water quality, and to project the effects of potential mitigation measures. The 
numerous available models differ in, inter alia, the stressors addressed, their spatio-temporal 
scale or the input data required (Tsakiris and Alexakis, 2012). Numerical water quality 
models employ process-based approaches that use mathematical functions to describe 
















processes. Recently, interdisciplinary model chains have been applied, often linking process-
based models (PMs) with empirical models (EMs), and thereby enabling increasingly 
comprehensive projections of the water body state (Kiesel et al., 2018). EMs can be used to 
establish stressor-response relationships without recourse to mechanistical insights, including 
various regression and machine learning methods (Fernandes et al., 2018; Ferreira et al., 
2017; Lindenschmidt, 2006). The coupling of interdisciplinary models to investigate water 
quality offers a powerful tool for environmental management, especially when dealing with 
the challenge of multiple-stressor mitigation (Segurado et al., 2018). 
 
Multiple stressors stem from pressures on an ecosystem acting in concert, affecting these 
systems in not easily predictable ways (Côté et al., 2016). Multiple stressors become more 
prevalent due to the rising trends in population density and globalization, inducing intensified 
agricultural and urban land use, hydropower generation and climate change (Ormerod et al., 
2010). To counteract these increasing threats on the aquatic ecosystems, environmental 
policies like the European Water Framework Directive (WFD; European Commission, 2000) 
have been implemented, stipulating actions towards sustainable river basin management. 
 
The WFD was adopted as the core of the European Union water policy in 2000 to improve the 
quality and ecosystem integrity of surface waters and to promote sustainable water use. One 
major aim of the WFD is to achieve good ecological status (representing only slight 
deviations from the near-natural reference conditions) for all European surface and 
groundwaters (European Commission, 2000). Good ecological status, however, is currently 
not achieved in 59 % of river and 48 % of lake water bodies, mainly due to diffuse pollution 
and hydromorphological degradation (European Environment Agency, 2018). Given the high 
proportion of water bodies showing moderate or worse status, appropriate strategies to combat 

















In this study, we investigate seven European lake and river basin case studies that had 
modeled the combined effects of climate, land use and management change on the chemical 
and biological state of their water bodies (Ferreira et al., 2016). These cases had been 
undertaken using a common analytical framework stipulated in the European research project 
MARS (Managing Aquatic ecosystems and water Resources under multiple Stress; 
http://mars-project.eu/), which analyzed the relations between multiple stressors and the 
functions and services of water resources at river basin-scale (Hering et al., 2015). Here, we 
synthesize the outcomes of these seven individual modeling studies and provide a 
representative overview on the extent and direction of future developments of European 
surface waters. In particular, we compare the current water quality and its future trends 
against the environmental objectives set by the WFD. Using the three quality parameters total 
nitrogen (TN), total phosphorus (TP) and chlorophyll-a concentrations, two time-horizons are 
projected (2030 and 2060) under three different scenarios of change. These projections are 
related to harmonized environmental quality standards (EQS) for meeting good ecological 
status according to the WFD. We discuss the modeling outcomes in terms of their potential 
threats to the aquatic ecosystems and possible mitigation options.  
 
Materials and Methods 
Case study descriptions 
We examined two lake and five river basins located in four different biogeographical regions 
of Europe (European Environment Agency, 2002; Figure 1). Lake Vansjø (Norway), the river 
Lepsämänjoki (Finland), as well as Lake Võrtsjärv (Estonia) are located in the Boreal region. 
The river Thames (United Kingdom) is located in the Atlantic region. The rivers Odense 
(Denmark) and Middle Elbe (Germany) are located in the Continental region. Lake Beyşehir 
















The main anthropogenic influences in all basins are agricultural land use, water abstraction 
and climate change, whereas in the Central European basins urban land cover is also 
important. 
 
To assess the impacts of multiple stresses on the future chemical and biological water quality, 
nutrient and chlorophyll-a concentrations have been projected into the future using PMs and 
EMs. Some of these studies simulated solely nutrient or chlorophyll-a concentrations, 
depending on data availability and model practicability (Table 1). First, a conceptual stressor-
response framework for each case study was established by implementing the DPSIR scheme 
(i.e. Driver-Pressure-State-Impact-Response; Smeets and Weterings, 1999) to identify origins 
and consequences of the basin-specific environmental issues. In this context, ‘Drivers’ 
represent climate change or anthropogenic influences like land use change. The consequential 
‘Pressures’ (e.g. enhanced nutrient input or water abstraction) affect the ‘State’ of the aquatic 
ecosystems under study (e.g. water quality and quantity). Its ‘Impact’ (e.g. altered ecological 
status or ecosystem services) may then induce a political or societal ‘Response’ (e.g. 
ecosystem mitigation; Birk, 2019; Hering et al., 2015). Then, the specific modeling strategy 
for each basin was developed based on these conceptual models, and the availability of 
empirical data and PMs . The majority of studies used a model chain of PMs for the future 
predictions. Two case studies used PM outputs as input variables for EMs to simulate 
chlorophyll-a concentrations. An overview of the models (including abbreviations and 
references) used for simulating nutrient and chlorophyll-a concentrations and their input 
variables is given in Table 1. A short description of each case study is provided below. 
 
Lepsämänjoki 
The river Lepsämänjoki is part of the Vantaanjoki river basin in the south of Finland. The 
















river serves as the secondary drinking water resource for the city of Helsinki and drains into 
the Gulf of Finland. About a quarter of the basin is used for agriculture and the resulting 
excess of nutrients causes problematic eutrophication in the water bodies. Thus, the ecological 
status of Lepsämänjoki and its tributary Härkälänjoki are moderate and poor, respectively. For 
the statistical analyses of this study, data of an expanded area with characteristics similar to 
the Lepsämänjoki were used. 
Figure 1: Location of the seven lake and river case study basins addressed in this study. 
 
There are two discharge gauging stations in the Lepsämänjoki basin and five in the extended 
area, three meteorological stations for the measurement of temperature and precipitation, and 
one for solar radiation. For determining future nitrate nitrogen (NO3-N) and TP 
















1985 to 2014 (Ferreira et al., 2016; Rankinen et al., 2019). For comparison with the other case 
studies, modeled NO3-N concentrations were converted into TN using the formula  
TN = 1.195 * NO3-N + 0.526 derived from empirical relationships, which proved to be valid 
for the river Lepsämänjoki. Chlorophyll-a concentrations were modeled using Generalized 
Linear Mixed Models (GLMM; Bolker et al., 2009) and Boosted Regression Trees (BRT; Elith 
et al., 2008) and the means of both models were used in this study. 
 
Lake Vansjø 
Lake Vansjø in the south-east of Norway is mainly fed by the river Hobøl and is divided into 
several subbasins. The largest ones are Storefjorden in the eastern and Vanemfjorden in the 
western part. The deeper Storefjorden serves as a drinking water resource and is draining into 
the shallower Vanemfjorden (mean depth of 3.8 m) that further flows into the Oslo Fjord. The 
humic Vanemfjorden does not exhibit stable stratification and shows low transparency (Moe 
et al., 2016). The Vansjø-Hobøl basin is mainly forested and agriculture covers 15 % of the 
area. Excessive amounts of phosphorus, mainly originating from agriculture, cause a long 
history of river eutrophication. Until 2007, cyanobacterial blooms occurred in Vanemfjorden, 
which have then been restricted by the implementation of agricultural measures (Couture et 
al., 2018; Skarbøvik and Bechmann, 2010). The data used in this study were collected from 
the most impacted subbasin Vanemfjorden which currently has moderate ecological status. 
Daily flow was monitored at the gauging station at Høgfoss from 1983 until 2013. Three 
meteorological stations, located between the main basins, collected daily data on 
precipitation, temperature and wind. In the period 1996 to 2004, suspended solid and TP 
samples were taken weekly or biweekly as part of a monitoring program. Water column 
sampling has been performed weekly or biweekly since 1976, providing data on phosphorus, 
nitrogen and chlorophyll-a. Phosphorus loadings from wastewater treatment plant (WWTP) 
















May to October were also obtained from the monitoring program, covering the period 1990 to 
2012. Future TP and chlorophyll-a concentrations were modeled by Couture et al. (2018), 
using the models INCA-P and MyLake, respectively.  
 
Lake Võrtsjärv 
Lake Võrtsjärv is the largest lake within Estonia, located in the central-southern part of the 
country. Due to its shallow character (mean depth of 2.8 m) and its large wind-exposed 
surface area, it is highly turbid, polymictic, and characterized by vertically homogenous 
nutrient, oxygen and temperature profiles across the lake zones (Cremona et al., 2018). For 
around 135 days per year, the lake is ice covered. As it is located in an area of flat relief the 
water outflow is restricted and the lake exhibits strong seasonal water level fluctuations with a 
maximal amplitude of 3.2 m during the snow melt (Cremona et al., 2018; Nõges et al., 2018). 
About half of the water in Lake Võrtsjärv comes from the river Väike-Emajõgi, which still 
possesses its natural flow regime (Cremona et al., 2017). The main land use in the basin is 
agriculture, therefore extensive nutrient inputs since 1961 facilitate high phytoplankton 
biomass, to which cyanobacteria contribute 60 % to 95 % (Cremona et al., 2018; Nõges et al., 
2018).  
Data for modeling were collected on a monthly basis from 2005 to 2014, except 
meteorological data that were available at daily resolution. Precipitation data were obtained 
by averaging two time-series from Valga and Tõlliste stations. River flow of Väike Emajõgi, 
temperature and dissolved inorganic carbon fluxes were used for BRT modeling to obtain 
future chlorophyll-a concentrations of Lake Võrtsjärv (Cremona et al., 2017). 
 
Odense 
The Odense basin is located on the island of Funen in Denmark and includes the Odense 
















of the area has been impaired by urbanization, agriculture, channelization, summer droughts 
and groundwater abstraction (Molina-Navarro et al., 2018). Due to excessive nutrient inputs 
by agriculture, the Odense Fjord experienced hypoxia, algal blooms and the disappearance of 
seabed vegetation and fauna in the past (Conley et al., 2007). Furthermore, subsurface tile 
drainage in about half of the basin causes significant hydrological changes (Thodsen et al., 
2015). 
Data for daily flow and biweekly nutrient loads (organic nitrogen and phosphorus, nitrate and 
phosphate) were obtained from four monitoring stations in the Odense basin, whereby one 
station measured nutrient loads every second day. The catchment model for the Odense was 
set up by Thodsen et al. (2015) and updated by Molina-Navarro et al. (2018). Future TN and 




The Thames is the second longest river in the UK, located in the south of England. The main 
land uses in its rural upper part are intensive agriculture and pasture for grazing. The lower 
basin further east is highly populated, including major urban centers such as London. The 
Thames serves as a drinking water resource for about 14 million people and is strongly 
impacted by anthropogenic activities. WWTPs cause increased nutrient levels and locks for 
navigation prolong the residence time of the water. In addition, flow in the river is slowed 
down through its connection to canal systems, enhancing its vulnerability to phytoplankton 
blooms (Bussi et al., 2016). Study investigations comprised three geographically-distinct 
aspects: a reach of the Thames at Eynsham (basin area of approx. 1600 km
2
) representing the 
‘Upper Thames’, a reach at Wallingford (basin area of approx. 3500 km
2
) representing the 
‘Middle Thames’ and the Farmoor Reservoir, which is an important drinking water supply for 
















Hutchins et al. (2018) simulated TN, TP and chlorophyll-a concentrations for Upper and 
Middle Thames, as well as chlorophyll-a for the Farmoor Reservoir. A dense network of 
gauging stations measures hydro-climatic, chemical and biotic data in the basin. Daily 
precipitation and potential evapotranspiration were observed since 1961 on a 1 km grid. Flow 
data were collected by 19 monitoring stations on a daily basis, while the groundwater levels 
were measured in variable intervals. Since 2009, there are 21 gauging sites installed across the 
water body, six of them within the main channel, recording water temperature, nitrate, TP and 
chlorophyll-a concentrations in a weekly interval. Additionally, water temperature and 
dissolved oxygen concentration are recorded at four other monitoring stations at an hourly 
resolution. For Upper and Middle Thames, the QUESTOR model was used, while 
chlorophyll-a predictions for Farmoor Reservoir were obtained using PROTECH. 
 
Middle Elbe 
The basin of Middle Elbe covers a large part of the north-east of Germany and is located 
between the city of Schmilka and the dam Geesthacht. It drains almost 25 % of the country 
and is strongly affected by channelization and water regulation, thus half of it is classified as 
‘heavily modified’. Water quality is mainly impaired by point source and diffuse agricultural 
pollution resulting in eutrophication. Low water availability, high amounts of nutrients and 
reduced shading trigger high phytoplankton biomasses, which are transported along the Elbe 
into the North Sea where the mineralization of detritus causes severe oxygen depletion, acting 
as a barrier for diadromous fish species (Mischke et al., 2016). 
For the period 2005 to 2010, emissions, instream retention, loads and concentrations of TN 
and TP were modeled using the model MONERIS. A connected module, PhytoBasinRisk, was 
used to quantify chlorophyll-a concentrations. The models consider GIS-processed data e.g. 
on population, municipal WWTPs, land use, fertilizer surplus, slope, soil types and river 
















daily run-off data. The simulations for the seasonal means of TN, TP and chlorophyll-a were 
performed by Mischke et al. (2016). 
 
Lake Beyşehir 
Representing the largest freshwater lake in the water scarce Mediterranean basin, Lake 
Beyşehir is an important water resource for Turkey. The ecosystem of the lake, which is 
oligo- to mesotrophic, and of average depth of 5 – 6 m, has been impaired primarily by 
excessive water abstractions, sewage effluents and the introduction of exotic fish species 
(Bucak et al., 2018). The lake is surrounded by two National Parks (Beyşehir and Kızıldağ) 
and features various natural protection sites of ecological relevance, providing habitat for 
important bird and plant species. Its north-eastern part is dominated by intensive crop 
farming, while the western part features forested mountains with small areas of low-intensive 
agriculture. Water availability of Lake Beyşehir is threatened by unmanaged water 
abstractions, already requiring water transfers from a nearby basin into the lake (Bucak et al., 
2017). As is commonplace in most Mediterranean areas, the low water availability in the 
basin makes the system vulnerable to further water cutbacks, which are expected in the future 
(Levi et al., 2016). 
Physico-chemical and biological variables of the lake and its main inflows were collected 
monthly from April 2010 until March 2012. Daily meteorological data for precipitation, 
temperature, wind, solar radiation and relative humidity for the stations Beyşehir and 
Seydişehir were available for the period 1960 to 2012. The SWAT model for the hydrological 
balance was used to simulate evapotranspiration, infiltration, percolation, runoff and nutrient 
loads, for Lake Beyşehir (Bucak et al., 2017). For the setup of the two lake models PCLake 
and GLM, daily meteorological and physico-chemical data were required. Since field data 
















2018). These data and modelling resources underpinned prediction of future TN, TP and 
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Bucak et al., 
2018 
 
PMs: GLM - General Lake Model (Hipsey et al., 2017), PCLake (Janse, 2005), MONERIS - Modeling Of Nutrient Emissions in RIver Systems (Venohr et al., 
2011), PhytoBasinRisk (Mischke et al., 2018), SWAT - Soil and Water Assessment Tool model (Arnold et al., 1998), QUESTOR - QUality Evaluation and 
Simulation TOol for River systems (Boorman, 2003; Hutchins et al., 2016), PROTECH - Phytoplankton RespOnses To Environmental CHange (Reynolds et al., 
2001), INCA - Integrated Nitrogen model for multiple source assessment in CAtchments (Whitehead et al., 1998), MyLake (Couture et al., 2015; Saloranta and 
Andersen, 2007); EMs: BRT - Boosted Regression Trees model (Elith et al., 2008), GLMM - Generalized Linear Mixed Models (Bolker et al., 2009); 
Meteorological data: precipitation, air and water temperature, global radiation, air pressure, cloud cover, relative humidity, wind speed; Biological data: Initial 
values of phytoplankton biomass/composition and zooplankton biomass from the first day of simulation; GFDL/IPSL: Global Climate Models used for the 
modeling. 
 
















Future scenarios and storylines 
For the future climate simulations, the two Global Climate Models GFDL-ESM2M (GFDL; 
Dunne et al., 2012) and IPSL-CM5A-LR (IPSL; Dufresne et al., 2013) were applied, differing 
in their spatial resolution and state variables. IPSL is projecting at an atmospheric grid of 
2.5° x 3.75°, using wind, pressure, temperature and cloud cover. GFDL has a grid of 
2.5° x 2.0° and additionally provides cloud ice, cloud fraction and humidity as outputs 
(Couture et al., 2018).  
 
The climate models were driven by two Representative Concentration Pathways (RCPs). 
These are defined by their rise in radiative forcing levels from 1850 to 2100 due to 
anthropogenic greenhouse gas emissions (van Vuuren et al., 2011). The pathway representing 
a moderate mitigation of greenhouse gas concentrations is RCP 4.5, which stabilizes around 
2080 at the 4.5 W/m
2
 level (Thomson 2011). In RCP 8.5, the radiative forcing rises 
throughout the century (and further on), reaching a value of 8.5 W/m
2
 in 2100. These different 
scenarios, including combinations of GFDL or IPSL with RCP 4.5 or 8.5, result in varying 
global temperature and precipitation projections. For the modeling period 2025 to 2034 
(referred to as time-horizon ‘2030’ in the following), an average increase of up to 22 % in 
precipitation and up to 2.5 °C in temperature was forecasted, showing significant differences 
between the European regions. For 2055 to 2064 (‘2060’), precipitation change varied 
between a 30 % decrease and 30 % increase, and temperature increased by 0.6 – 4.3 °C. The 
changes in climate variables specific to each case study are listed in Table 2. 
 
The RCPs were combined with different Shared Socioeconomic Pathways (SSPs), specifying 
alternative futures of societal development (O’Neill et al., 2017). They differ in the extent to 
which future challenges are taken up to mitigate environmental damage and to adapt to 
















international policy organizations and determinants of energy and land use. Critical influences 
on the challenges to adaptation are future inequality, poverty and achievement (or failure) to 
attain different development objectives. In our study, we referred to SSP2 and SSP3 
representing moderate and high mitigation and adaptation challenges, respectively, and to 
SSP5 with high mitigation and low adaptation challenges. In this context, SSP5 represents a 
future in which, despite weak climate policies and carbon-based energy, improved human 
capital produces stronger instruction and better adaption strategies to climate change. 
 
Table 2: Absolute change in temperature [°C] and percentage change in precipitation [mm/year], simulated for 
the 2030 and 2060 time-horizons against the baseline period and downscaled for the specific case studies. GFDL 
(GFDL-ESM2M) and IPSL (IPSL-CM5A-LR) are Global Climate Models used to simulate large-scale future 
climate simulations, driven by RCP (Representative Concentration Pathway) 4.5 and RCP 8.5, which represent 
the anthropogenic emission of greenhouse gases. 
 
Case study Baseline 
RCP 4.5 RCP 8.5 
2030 2060 2030 2060 
GFDL IPSL GFDL IPSL GFDL IPSL GFDL IPSL 
Temperature increase [°C] 
Lepsämänjoki 1981-2010 1.4 - - 2.5 1.4 - - 2.5 
Lake Vansjø 1983-2014 0.5 2.1 0.7 2.5 0.6 2.5 1.0 3.2 
Lake Võrtsjärv 2005-2014 1.5 0.0 1.2 2.6 0.6 1.6 1.9 4.3 
Odense 2011-2020 - 0.8 - 1.6 - 1.0 - 2.7 
Thames 1960-1999 0.6 0.6 1.1 1.2 0.5 0.8 1.4 2.2 
Middle Elbe 1971-2001 1.2 1.5 1.6 0.9 0.8 2.5 1.6 3.9 
Lake Beyşehir 2006-2015 0.0 0.6 0.6 1.7 0.7 1.3 2.0 3.4 
Precipitation change [%] 
Lepsämänjoki 1981-2010 1 - - 8 3 - - 11 
Lake Vansjø 1983-2014 5 7 3 8 6 9 5 11 
Lake Võrtsjärv 2005-2014 16 -2 8 13 5 1 30 29 
Odense 2011-2020 - 1 - 2 - 6 - 13 
Thames 1960-1999 0 0 -8 -1 -2 11 -4 10 
Middle Elbe 1971-2001 3 5 7 8 5 8 7 8 
Lake Beyşehir 2006-2015 22 1 9 -17 0 2 -16 -30 
 
On the basis of the combined climate and socioeconomic scenarios, three different storylines 
at European level have been defined to describe economic, environmental, political and 


















The Consensus World is based on SSP2 and RCP 4.5. It connects the objectives for economic 
growth with a sustainable and effective resource use. Economic and population growth 
continue as they are currently, and energy is saved in order to reduce emissions using a mix of 
fossil fuel and renewable sources. The existing awareness and interest in nature conservation 
is based on strong regulations by the European Union. After 2020, the current guidelines and 
policies are enhanced in a more integrated way. To meet these regulations, cheap water 
management strategies with mid- to long-term sustainability are implemented. Also, there is a 
trend towards green infrastructure, utilizing the benefits of natural processes and structures.  
 
Techno World 
The Techno World storyline is based on SSP5 and RCP 8.5. In this storyline, economic 
growth is the main objective, and the European Union supports innovative technologies and 
capital increasing solutions. The high energy demand is met by the excessive use of fossil 
fuels, causing rising CO2 emissions. Alternative energy sources are also utilized, though 
without any environmental consideration. The environmental policies stagnate due to the 
focus on trade and economic growth, thus any interventions which seek to protect or improve 
the environment are mainly initiated by individuals or communes. Locally, provisioning and 
cultural services are prioritized, while nature-based regulating services are neglected. Water 
management uses technical solutions to minimize risks to human health and capital and to 
meet current needs, though sustainability is disregarded. 
 
Fragmented World 
The Fragmented World storyline is based on SSP3 and RCP 8.5. A large economic gap within 
Europe is emerging, caused by the absence of international trade. In principle, Southern 
















account of the loss of international consensus, a lack of resources will arise, especially in 
currently economically weak countries. To meet the extended energy demand, increased use 
of fossil fuels and renewable energies takes place. Natural preservation is only considered in 
rich countries on a local scale. The current environmental policies are stopped around 2025 
and the focus is set on economic development. Water management strategies do not extend 
beyond short term actions for meeting the water and food demand of the current generation. 
Furthermore, flood protection is implemented in regions with a high economic value.  
 
Downscaling of storylines 
The specific implications of each storyline for individual basins was evaluated by the scientist 
responsible for each case study, involving local stakeholders and water managers, and 
considering climate and land use changes (Table 3). Simulated climate data for each region 
were obtained from the ‘Inter-Sectoral Impact Model Intercomparison Project’ 
(www.isimip.org), providing daily meteorological data on a 0.5° x 0.5° grid. For the 
implementation of land use change, the redistribution of land use areas, including agricultural 
and urban regions, was estimated per storyline. Furthermore, future rates of fertilizer 
application, water abstraction and WWTP effluents were considered. Regarding water 
management, erosion control and the implementation of riparian buffer zones were taken into 
account. However, not all specific mitigation measures for scenario implementation were 
described in the case studies. 
 
The Consensus World represented the most environmentally friendly scenario, therefore the 
conditions implemented principally supported the best-case regarding water pollution. 
Agricultural and urban land cover, nutrient input by fertilization or WWTPs and water 
abstraction was generally smallest for the Consensus World. The Techno World represented 
















worst-case scenario. It should be noted that, in contrast to Couture et al. (2018), the 
Fragmented World scenario of Lake Vansjø is treated as the worst-case and the Techno World 
is treated as the intermediate scenario. 
 
Model performances 
The performance of individual PMs was evaluated using the coefficient of determination (R
2
) 
and percent bias (PBIAS) of the model validations. For phosphorus compounds (organic and 
inorganic phosphorus), validation measures with R
2 
≤ 0.40 were considered as not 
satisfactory, 0.40 < R
2 
≤ 0.65 as satisfactory, 0.65 < R
2 
≤ 0.80 as good and R
2 
≥ 0.80 as very 
good in their accuracy, whereas for nitrogen compounds (nitrate, ammonium, organic 
nitrogen, TN) and chlorophyll-a, R
2 
≤ 0.30 were considered as not satisfactory, 0.30 < R
2 
≤ 
0.60 as satisfactory, 0.60 < R
2 
≤ 0.70 as good and R
2 
≥ 0.70 as very good in their accuracy. 
Regarding PBIAS, we used absolute values. Validation measures with PBIAS ≥ ǀ30ǀ were 
considered as not satisfactory, ǀ20ǀ ≤ PBIAS < ǀ30ǀ as satisfactory, ǀ15ǀ ≤ PBIAS < ǀ20ǀ as good 
and PBIAS < ǀ15ǀ as very good in their accuracy (Moriasi et al., 2015).  
 
For the EMs, the explained deviances provided information about the accuracy of the models. 
The non-linear models of BRT explaining < 30 % of their deviance were considered as not 
satisfactory in their accuracy, 30 – 50 % as satisfactory, 50 – 60% as good and ≥ 60 % as very 
good. For the linear model GLMM, < 20 % of explained deviance was considered as not 
satisfactory, 20 – 40 % as satisfactory, 40 – 50% as good and ≥ 50 % as very good. 
 
Processing of model simulations 
In our study, baseline (representing the current conditions) and future predictions of TN, TP 
and chlorophyll-a concentrations were summarized and compared between the case studies. 
















Baseline and future concentrations were related to ecosystem type-specific nutrient and 
chlorophyll-a thresholds supporting the achievement of good ecological status according to 
the WFD (Beklioğlu et al., 2014; Couture et al., 2018; Mischke et al., 2011; Phillips et al., 
2018; Poikane, 2009; Stefanidis et al., 2018; UK Technical Advisory Group, 2013). These 














Table 3: Downscaling of storylines for the different case studies. The downscaling is focused on agricultural, urban and water-related development. WWTPs: Wastewater 










50% increase in 
agricultural land 
(deforestation);  
30% increase in yields; 




crop rotation: 40% 
spring cereals / - 30% 
winter cereals; 15% 
grass; 15% fallow 
10% of grassland 
turned into forest;  
30% shift from 
vegetables and crops to 
unfertilized grasslands; 
50% decrease in 
fertilization;  
50% decrease in 
erosion; growing 
season extended by 
two months 
12% decrease in 
forest;  
11% increase in 
agricultural area; 
50% increase in 
urban area 
34% decrease in arable 
land;  
696% increase in 
grassland;  
125% increase in forest;  
around 4% decrease in 
fertilization (depending on 
farm type) 
10% decrease in 
forest; 20% decrease 
in grassland;  
20% increase in urban 
area;  
100% increase in 
shading 
19% decrease in arable 
land;  
50% increase in riparian 
buffer zones;  
4% decrease in population 
size;  
20% decrease in N loads; 
25% decrease in P 
accumulation in soils;  
23% decrease in degree of 
P saturation in soils 
5% of forest areas 
turned into shrubland; 







50% decrease in 
effluents from 




amounts to 10% 
of mean annual 
flow 
Not consideredb 
20% decrease in water 
levels;  
4% decrease in 
urbanizationc;  
10% decrease in 
grazersd; 10% 
decrease in TPe 
31% decrease in person 
specific phosphorus 
disposala;  
WWTP effluents contain 
23 mg/L N and 1.8 mg/L P 







Forest turned into 
arable land;  
20% increase in yields; 
20% increase in 
fertilization;  
crop rotation: 50% 
spring cereals / - 50% 
winter cereals; 1.5% of 
forest turned into urban 
areas 
5% of forest turned 
into grassland;  
30% of grassland 
turned into arable land; 
15% increase in 
fertilization;  
15% increase in 
erosion;  
growing season 
extended by two 
months 
31% decrease in 
forest;  
30% increase in 
agricultural area; 
100% increase in 
urban area 
20% decrease in arable 
land (with conversion to 
willow); 141% increase in 
grassland;  
around 4% decrease in 
fertilization (depending on 
farm type) 
10% decrease in 
arable land/forest;  
15% decrease in 
grassland;  
50% increase in urban 
area;  
25% decrease in 
shading 
19% decrease in arable 
land;  
30% decrease in riparian 
buffer zones;  
12% increase in 
population size;  
8% decrease in N loads; 
15% decrease in P 
accumulation in soils;  
13% decrease in degree of 
P saturation in soils 
20% of forest and 10% 
of grassland turned into 
arable land;  






















50% decrease in 
sewage due to 
improved treatment 





amounts to 15% 
of mean annual 
flow 
Not consideredb 
10% decrease in water 
levels;  
35% increase in 
urbanizationc;  
50% decrease in 
grazersd; 50% increase 
in TPe 
8% decrease in person 
specific phosphorus 
disposala;  
WWTP effluents contain 
48mg/L N and 3mg/L P 







Up to 90% of forest 
turned into arable land; 
25% increase in yields; 




5% of forest turned 
into urban areas 
10% of forest areas 
turned into grassland; 
60% of grassland 
turned into arable land; 
30% increase in 
fertilization;  
30% increase in 
erosion;  
growing season 
extended by two 
months 
51% decrease in 
forest;  
52% increase in 
agricultural area; 
150% increase in 
urban area 
10% increase in arable 
land;  
1% decrease in grassland;  
80% decrease in forest;  
up to 134% increase in 
fertilization (depending on 
farm type) 
30% decrease in 
arable land;  
20% increase in 
forest; 45% increase 
in grassland; 50% 
increase in urban area;  
100% decrease in 
shading 
19% decrease in arable 
land;  
80% decrease in riparian 
buffer zones;  
16% decrease in 
population size;  
26% increase in N loads; 
13% increase in P 
accumulation in soils;  
4% increase in degree of P 
saturation in soils 
30% arable land and 
forest turned into 
shrubland;  





10% increase in 
effluents from 
scattered dwellings 
40% increase in 
effluents from 




amounts to 20% 
of mean annual 
flow 
Not consideredb 
25% increase in water 
levels;  
88% increase in 
urbanizationc;  
50% decrease in 
grazersd; 50% increase 
in TPe 
48% increase in person 
specific phosphorus 
disposala;  
WWTP effluents contain 
75mg/L N and 6.5mg/L P 




 An altered diet of city dwellers is predicted in terms of the quantity of meat consumption, altering phosphorus concentrations in feces. 
b
 For the Odense basin only agricultural measures were considered; 68 % of the area is used for agriculture. 
c
 Urbanization affects the amounts of water abstractions and effluents. 
d
 Invertebrate grazing changes as a response to altered pesticide loads in runoff. 
e

















After evaluating the model performances, we will depict the model simulations for nutrient 
and chlorophyll-a concentrations for the single case studies and their projections for time-
horizons 2030 and 2060 and compare these to the ecosystem type-specific EQS.  
 
Measures of model accuracy 
The accuracy of modeled nitrogen-compounds showed a broad range, with Middle Thames 
and Middle Elbe performing best. Validation was not satisfactory for the PBIAS of Odense, 
as well as PBIAS and R
2
 of Lake Beyşehir. For phosphorus compounds, only Upper Thames 
and Middle Elbe revealed very good and satisfactory R
2
, respectively. PBIAS values, in 
contrast, ranged from satisfactory to very good for all case studies except Vansjø. Overall, 
chlorophyll-a simulations showed better model performances than TN and TP, especially 
when modeled by EMs, which showed good and very good accuracy. The PMs showed very 
good R
2
 for Vansjø, Lake Võrtsjärv and Farmoor Reservoir, whereas the PBIAS was very 
good for Vansjø, Middle Thames, Farmoor Reservoir and Lake Beyşehir (Table 4). In 
addition, the visual fits of modeled concentrations were considered satisfactory in all case 
studies. 
 
Model simulations for nutrients and chlorophyll-a 
For each of the different case studies the predicted future change in water quality relative to 
the ecosystem type-specific EQS is illustrated (Figure 2). Present day baseline and future 
values, as well as the EQS concentrations are listed in Table 5. For the majority of case 
studies, the concentrations of TN and TP were already exceeding the EQS at baseline 
conditions, whereas for chlorophyll-a, they were at good status. Regarding future predictions, 
exceedances from the EQS were highest for the Fragmented World, closely followed by the 
















was least. Regarding the simulated indicators, chlorophyll-a concentrations showed the lowest 
excess of the EQS. For the Consensus storyline, four case studies showed chlorophyll-a 
concentrations meeting the threshold, compared to three for TP and one for TN. Furthermore, 
predictions in rivers revealed more pronounced changes in nutrient and chlorophyll-a 
concentrations in rivers than in lakes (Figure 2).  
Table 4: Evaluation of model accuracies. Mean values of the model validation results for different stations and 
nitrogen/phosphorus-compounds are given. 
  
Process-based models 





 Mean PBIAS 
Nitrogen-
compounds 
Lepsämänjoki INCA Daily 0.37 (satisfactory) 1.1 (very good) 
Odense
a
 SWAT Daily 0.44 (satisfactory) 36.6 (not satisfactory) 
Upper Thames QUESTOR Daily 0.35 (satisfactory) 5.4 (very good) 
Middle Thames QUESTOR Daily 0.77 (very good) 3.0 (very good) 
Middle Elbe MONERIS Monthly 0.97 (very good) 8.0 (very good) 
Lake Beyşehir
b
 GLM, PCLake Daily 0.15 (not satisfactory) >100 (not satisfactory) 
Phosphorus-
compounds 
Lepsämänjoki INCA Daily 0.19 (not satisfactory) 26.3 (satisfactory) 
Lake Vansjø
b
 MyLake Daily 0.32 (not satisfactory) 41.2 (not satisfactory) 
Odense
a
 SWAT Daily 0.30 (not satisfactory) 25.0 (satisfactory) 
Upper Thames QUESTOR Daily 0.53 (satisfactory) 12.7 (very good) 
Middle Thames QUESTOR Daily 0.13 (not satisfactory) 24.6 (satisfactory) 
Middle Elbe MONERIS Monthly 0.92 (very good) 9.4 (very good) 
Lake Beyşehir
b




 MyLake Daily 0.44 (satisfactory) 7.7 (very good) 
Upper Thames QUESTOR Daily 0.57 (satisfactory) 31.4 (not satisfactory) 
Middle Thames QUESTOR Daily 0.22 (not satisfactory) 1.0 (very good) 
Farmoor Reservoir PROTECH Weekly 0.63 (very good) 1.1 (very good) 
Middle Elbe PhytoBasinRisk Seasonal 0.56 (satisfactory) 19.3 (good) 
Lake Beyşehir
b
 GLM/PCLake Daily 0.17 (not satisfactory) 11.4 (very good) 
Empirical models 
Variable Water body Model 
Temporal 
scale 
Explained variance (%) 
Chlorophyll-a 
Lepsämänjoki GLMM Daily 41 (good) 
Lepsämänjoki BRT Daily 60 (very good) 
Lake Võrtsjärv BRT Monthly 63 (very good) 
 
a
Model accuracy calculations were based on the simulation of nutrient loads. Nutrient concentrations 
were calculated using loads and hydrological flows; flow statistics are described in Molina-Navarro 
et al. (2018). 
b
Model accuracy was obtained from the model calibration process. 
 
Total nitrogen 
The baseline and future TN simulations remained below the EQS only for Lake Beyşehir. The 
other case studies exceeded the thresholds at all times. This excess was particularly high for 
















future concentrations three times higher than the threshold. Regarding the storylines, similar 
trends were simulated, except a high rise followed by a steep decline in Odense for the 
Fragmented World, which was not predicted for the Consensus and Techno World. 
 
Total phosphorus 
For baseline simulations, TP exceeded the EQS in all case studies except Lake Vansjø and 
Odense. For future predictions, Lake Vansjø and Odense still met the EQS for all scenarios, 
and Middle Elbe featured declining concentrations below the threshold for all storylines. All 
other case studies predicted future concentrations exceeding the EQS. As for TN, Upper and 
Middle Thames showed particularly high TP concentrations except for the Consensus World, 
where a strong reduction was simulated. The other case studies showed similar trends 
regarding the different storylines. 
 
Chlorophyll-a 
Upper Thames, Lake Vansjø and Lake Beyşehir showed baseline and future concentrations 
below the EQS for all scenarios. Lepsämänjoki and Middle Elbe met the EQS for baseline 
simulations and exhibited increasing concentrations for future simulations, leading to an 
excess of chlorophyll-a in all scenarios. Lake Võrtsjärv, Middle Thames and Farmoor 
Reservoir were exceeding the thresholds for baseline and future conditions, except Middle 
Thames for Consensus World. This excess was especially high in Farmoor Reservoir for all 
storylines, as well as in Middle Thames for the Techno and Fragmented Worlds. The other 

















Figure 2: Modeled baseline and future concentrations of total nitrogen (TN), total phosphorus (TP) and 
chlorophyll-a (Chl-a), relative to the ecosystem type-specific threshold concentrations for good ecological status 
(EQS). The differences between the storylines are shown, highlighting a higher risk of failing the EQS for the 
Techno and Fragmented than for the Consensus World. Grey fields mark concentrations supporting the 
















Table 5: Overview of TN (total nitrogen), TP (total phosphorus) and chlorophyll-a concentrations for baseline 
and future scenarios of the different case studies, including threshold values of the environmental quality 
standards (EQS). Nutrient and chlorophyll-a concentrations meeting the EQS are marked in grey. 
 
Case study EQS Baseline
a 
Consensus World Techno World Fragmented World 













































































































34.0 32.5 85.9 86.8 84.7 88.4 
Farmoor Reservoir 10.0
k














2.8 3.3 3.6 4.7 3.4 4.4 
 
a 
Baseline periods were chosen as follows: Beyşehir 2006-2015; Middle Elbe 2001-2010; Odense 
2011-2020; Thames basin 2009-2012; Lake Võrtsjärv 2005-2014; Lepsämänjoki 2004-2013; Lake 
Vansjø 1983-2070 (an extended baseline was used: the observed baseline conditions of 1983-2014 
were combined with generated conditions for 2015-2070).  
b 
Modeling periods were chosen as 2020-2040 (‘2030’) and 2050-2070 (‘2060’). 
c
 Modeling periods were chosen as 2020-2030 (‘2030’) and 2045-2055 (‘2060’). 
d 
Future projections from Ferreira et al. (2016). Baselines: Consensus/ Techno and Fragmented 
World. 
e 
Phillips et al. (2018); 
f 
UK Technical Advisory Group (2013); 
g 



























Model uncertainties  
For the validation of PMs, the statistical fits of R
2
 were not satisfactory for about half of the 
model applications, whereas PBIAS values were not satisfactory for four of nineteen  
applications. Studies showing low R
2
 but satisfactory PBIAS indicate that concentrations 
were modeled adequately, whereas their timing was not appropriately reflected. In these cases 
in particular, exact predictions of future concentrations should be interpreted with caution. For 
the EM validation, the explained variances were all good or very good. In general, we 
consider the simulated trends in nutrient and chlorophyll-a sufficiently reliable. Furthermore, 
following Grimm (1994), statistical fits should not always be the main criterion in complex 
modeling procedures, as appropriate simulations are also indicated by good visual fits (Elliott 
and May, 2008). These were satisfactory in all model predictions (Ferreira et al., 2016). In 
addition, calibration and validation have been conducted at daily time steps in most of the 
studies, which generally leads to poorer performance in terms of goodness-of-fit criteria than 
at weekly, monthly or seasonal time steps (Table 4; Gassman et al., 2007). Apart from that, a 
model comparison should be undertaken with care since validation was performed on 
different temporal scales. 
 
Performing multi-site and multi-variate simulations induces several sources of uncertainties 
for water quality modeling, especially stemming from data availability and the model 
structure. Data availability depends not only on monitoring programs in place but also on the 
analytical capabilities. In the case study of Lake Beyşehir, for instance, in-lake nutrient 
concentrations of soluble reactive phosphorus and ammonium were lower than the detection 
limit (Bucak et al., 2018). Furthermore, the spatio-temporal resolution of monitoring data is 
often limited due to insufficient monitoring stations and measuring frequencies. Model inputs 
















basins (Couture et al., 2018). Model structure is based on simplifying system complexities, 
and with increasing simplification the model-induced error rises due to an insufficient 
description of involved processes (Loucks and van Beek, 2017). By contrast, the more input 
data a model requires, the higher is the possible data-induced error, in particular if unavailable 
input data has to be estimated or substituted by constants. Many models actually work with 
static variable inputs, thus ignoring changes in environmental processes over the modeling 
period (e.g. gradual changes in land use; Couture et al., 2018).  
 
Climate modeling always entails uncertainty due to scenario and model selection (Gettelman 
and Rood, 2016). IPSL generally predicted higher future changes in temperature and 
precipitation (see Table 2), and also the year-to-year variations were more pronounced in 
comparison to GFDL (Couture et al., 2018; Ferreira et al., 2016). These differences were 
reflected by around 11 % variance in the water quality model outputs when using GFDL or 
IPSL. We have chosen to average the nutrient and chlorophyll-a concentrations per case study 
resulting from the different climate models to facilitate the synthesis sought in our study. 
 
Another source of uncertainty is the chaining of models, where one model is feeding data into 
another and thus error magnification may occur (Fowler et. al., 2007). Model results that are 
biased or have an insufficient representation of short-time or small-scale variations cause 
imprecise predictions in the succeeding models (Kiesel et al., 2018). This occurred, for 
instance, in the Thames modeling, where the low temporal resolution of simulated flows did 
not adequately represent summer low flows, and, in consequence, future phosphorus 
concentrations were overestimated (Hutchins et al., 2018). 
 
Model downscaling represents an additional source of uncertainty. In climate modeling, 
















(Wootten et al., 2017). While the downscaling of the RCPs is based on objective procedures, 
the downscaling of SSPs and land use changes is based on assumptions regarding future 
socio-economic, political or technological developments in the respective basins, which 
cannot be exactly forecasted with today’s knowledge. The scenario downscaling was based on 
expert judgement, therefore the different implementations by the case studies represent 
plausible futures, but assessing their uncertainties remains difficult (e.g. Cremona et al., 2017; 
Hutchins et al., 2018). 
 
Our modeling procedures included many approaches to minimize uncertainties (e.g. averaging 
the predictions of both climate models, involving expert knowledge) and we assume that they 
represent the best practice of the current state-of-the-art. Optimizing the model application 
still needs a lot of work in terms of completing our conceptual understanding of natural 
processes. Given the stochastic nature of complex environmental systems and the probable 
effects from the various error and uncertainty sources, the results presented should generally 
be regarded as potential future scenario conditions. Achieving complete certainty in model 
simulations, however, will always remain an idealistic objective. 
 
Model simulations for nutrient and chlorophyll-a concentrations 
To discuss the driving forces determining the projected nutrient and chlorophyll-a 
concentrations, we start with outlining how changes in agriculture, urbanization and climate 
generally affect surface water quality. Against this background, we identify the main driving 
forces steering baseline and projected concentrations of TN, TP and chlorophyll-a in each 

















Processes driving nutrient and chlorophyll-a concentrations in surface waters 
While the highest proportion of TN in the environment is soluble, TP tends to adhere to soil 
particles and consequently often occurs in particulate forms. This determines the dominant 
input pathways for the two nutrients. On agricultural land they mostly stem from fertilizer 
application, and TN is largely transported in soluble form via surface run-off, sub-surface 
flow and groundwater (Grizzetti et al., 2011; Viaroli et al., 2018), whereas particulate TP 
largely originates from erosion of topsoil and banks (Hong et al., 2012; Withers and Jarvie, 
2008). Additionally, in some basins (e.g. Odense) there may be a substantial input via 
groundwater of dissolved phosphorus from natural sources. Land conversion from naturally 
vegetated to agricultural land, in particular, drives nutrient pollution in surface waters by 
reducing the nutrient retention capacity of soils, and by increasing nutrient surface run-off and 
erosion, often exacerbated by the installation of tile drainage (Weigelhofer et al., 2018). 
 
Urbanization impacts include the amount and quality of WWTP effluents fed into the water 
bodies, depending on population size and treatment efficiency. Nutrient concentrations in 
effluents can be highly variable, as demonstrated in the Middle Elbe case study with effluents 
comprising ranges from 0.5 to 72.5 mg/L TN and 0.1 to 10.4 mg/L TP, respectively (Mischke 
et al., 2016).  
 
Climate change affects nutrient concentrations in surface waters due to changes in 
evaporation and precipitation, leading to alterations in generated run-off and involved nutrient 
inputs, as well as up- or down-concentration within the water body through hydrological 
alteration (e.g. changes in water volume or hydraulic residence time; Bucak et al., 2018; 
Molina-Navarro et al., 2018). In our study, the climate change effects were mainly influenced 
















inducing higher changes in climate and subsequent response variables than RCP 4.5 (Ferreira 
et al., 2016).  
 
Chlorophyll-a, representing phytoplankton biomass, is affected by a complex suite of factors. 
Nutrient availability (in particular bioavailable phosphorus) has a strong influence on 
phytoplankton growth. Light, water temperature and discharge are additionally relevant for 
phytoplankton growth in surface waters (Bussi et al., 2016; Sherman et al., 2016), explaining 
the inconsistent nutrient–chlorophyll-a relationships observed in some of our case studies. 
Discharge in particular influences chlorophyll-a due to the water residence patterns, providing 
time for nutrient uptake, metabolization and growth, and acts as a mediator for up- or down-
concentration (Jeppesen et al., 2014).  
 
Main drivers of the TN projections in the case studies 
The baseline concentrations of TN mainly depended on the current land uses. Only Lake 
Beyşehir met the EQS due to its relatively undisturbed basin surrounded by natural parks. The 
other basins, in contrast, are highly impacted by agriculture and urbanization, as reflected by 
their elevated excess for baseline concentrations. In Middle Elbe, the low water availability 
also contributes to an up-concentration of nutrients within the river. 
 
The future TN projections were mainly driven by the anticipated changes in agricultural and 
urban land use. Agricultural practices determined future TN in Lake Beyşehir, Odense and 
Lepsämänjoki. In the latter, deforestation towards agricultural land induced increasing 
nutrient loading and therefore rising concentrations in all storylines. This rise was more 
pronounced for the Techno and Fragmented World, which also included increased 
fertilization. In Odense, climate change also influenced future predictions due to flow changes 
















in Middle Elbe, resulting in decreasing concentrations irrespective of the particular future 
scenario. In Thames, urban land use related to population dynamics was determined to be the 
main driver of change in TN.  
 
Main drivers of the TP projections in the case studies 
Regarding TP, all water bodies exceeded the EQS under baseline conditions, except for Lake 
Vansjø and Odense. The basin of Lake Vansjø has the smallest share of agricultural land 
compared to the other case studies, and urban impacts (WWTP effluents) are low at baseline 
conditions. Further, water quality has vastly improved at Vansjø in the past decade, such that 
future deterioration does not exceed EQS. The agriculture in the Odense basin is subject to 
strict phosphorus regulations by the Danish government, constantly reducing the phosphorus 
surplus on Danish fields (Maguire et al., 2009). The high concentrations of the Thames were 
overestimated due to an underestimation of baseflow and subsequent up-concentration of TP.  
 
Land use changes were mainly driving the future TP projections in four basins: 
Lepsämänjoki, Lake Vansjø, Middle Elbe and Thames. In Lepsämänjoki and Lake Vansjø, 
changes in agricultural land cover and related fertilizer application were the main drivers of 
TP. Lepsämänjoki showed rising concentrations for all scenarios, despite a reduction in 
fertilizer application for the Consensus World due to the increasing agricultural area. This 
river basin is an erosion-sensitive area with clayey soils, and any agricultural activity risks 
increasing phosphorus concentrations in surface waters by topsoil erosion (Ferreira et al., 
2016; Rankinen et al., 2019). In Middle Elbe and Thames, urbanization was the main factor of 
TP rise due to the quantity and quality of WWTP effluents. TP concentrations in effluents 
were influenced by the change in population size, and in the case of Middle Elbe by change in 
the per capita phosphorus-export (due to altering meat consumption). Increases in diffuse TP 

















Climate change was mainly driving the TP changes in Lake Beyşehir and Odense. In Southern 
Europe, water levels are expected to decrease dramatically due to reduced precipitation 
(Bucak et al., 2017), causing an up-concentration of TP. In addition, rising water temperatures 
will induce enhanced nutrient remobilization from sediments and thus increased TP 
concentrations in surface waters (Bucak et al., 2018). In Odense, increasing precipitation was 
seen as the main driver of TP loads into the water bodies for the Techno and Fragmented 
World (organic phosphorus via surface run-off, soluble phosphate via groundwater inflow; 
Molina-Navarro et al., 2018). Thus, a discharge increase led to increases in TP loads, but 
since flow volume also increased, concentrations remained nearly constant. For the Consensus 
World, flow remained constant and so did the TP concentrations. 
 
Main drivers of the chlorophyll-a projections in the case studies 
The baseline concentrations of chlorophyll-a met the EQS in Lepsämänjoki, Lake Vansjø, and 
Lake Beyşehir due to their relatively undisturbed basins, as compared to Lake Võrtsjärv. 
Despite high nutrient availability, low chlorophyll-a concentrations were modeled in the 
Thames and Middle Elbe. In the hames, this can be attributed to the short residence times 
and the shading effect by bankside vegetation (20 % coverage) leading to light limitation and 
further cooling of the already relatively low river water temperatures (Hutchins et al., 2018). 
Middle Elbe features a particularly relaxed chlorophyll-a EQS as this river type shows low 
area-specific runoff, and thus the response of phytoplankton to high total phosphorus 
concentrations is naturally suppressed (Mischke et al., 2011). 
 
The main drivers for future predictions of chlorophyll-a concentrations differed between case 
studies, showing a strong response to either land use, climate change or both. Changes in 
















Middle Elbe, Thames and Lake Vansjø. In the Thames, changes can be attributed either to the 
shading effect by riparian vegetation for the Consensus World, which was assumed to 
increase to represent coverage of about 40 % of the bankside along the stream, or to higher 
baseflow brought about by water transfers which reduce the residence time for the Techno 
and Fragmented Worlds. Higher chlorophyll-a concentrations were projected for the Techno 
and Fragmented than for the Consensus World, this largely being due to removal of bankside 
trees and higher TP concentrations (Hutchins et al., 2018). A strong influence of riparian 
shading which mitigates phytoplankton growth was predicted in the Thames for the 
Consensus World, where a 100 % increase in shading was projected. In contrast, rising water 
temperatures and decreasing flows led to elevated chlorophyll-a concentrations for the Techno 
and Fragmented Worlds (Hutchins et al., 2018). In Lake Beyşehir and Lake Võrtsjärv, climate 
change was identified as the main driver for chlorophyll-a concentrations. Increasing air 
temperature, decreasing precipitation and an overuse of water resources in Lake Beyşehir led 
to rising water temperatures and, hence, increased phytoplankton productivity (Bucak et al., 
2018). In Lake Võrtsjärv, increasing chlorophyll-a concentrations were attributed to lower 
tributary flows and higher temperature (Cremona et al., 2017). In the Farmoor Reservoir 
(Thames basin) and Lepsämänjoki, land use and climate change both influenced chlorophyll-a 
predictions due to higher TP availability and water temperature (Ferreira et al., 2016; 
Hutchins et al., 2018; Rankinen et al., 2019). Only for the Consensus World scenario of the 
Farmoor Reservoir was an improvement in water quality predicted. This was due to the inflow 
of water containing fewer nutrients. 
 
Although discussion of our results focused on the long term mean concentrations of 
chlorophyll-a, we forecast higher inter-annual variations for most of the case studies (Ferreira 
et al., 2016). These variations are of particular relevance in water management, since algal 
















contribution of cyanobacteria to the total phytoplankton biovolume was predicted to rise with 
higher temperatures and water residence times, indicating an increased risk of harmful algal 
blooms (Ferreira et al., 2016; Kosten et al., 2012; Richardson et al., 2018).  
 
Main drivers and their effects in a European context 
Our findings illustrate the broad spectrum of human-induced water quality impairment, 
covering various multi-stressor settings across basins with different climatic and 
biogeographical characteristics. While the basins located in the Continental and Atlantic 
regions were primarily affected by land use changes, climate change was the main driver in 
the Mediterranean/Anatolian one. The Boreal basins showed combined impacts of land use 
and climate change and clearly reflected the future trend of climate-induced intensified 
agricultural activities shifting northwards. Regarding this change in land use, diffuse 
agricultural pollution should be a primary target for future reduction (Jeppesen et al., 2009; 
Molina-Navarro et al., 2018). The efficiency of WWTP processes has already increased 
significantly in recent decades (Elosegi et al., 2019) and several modeling studies revealed 
that the potential of nutrient reductions due to further WWTP improvement is insufficient to 
meet the good ecological status in the future (e.g. Charlton et al., 2018).  
 
All these outcomes chiefly resemble the findings of other studies within and outside Europe, 
which revealed a strong (but regionally specific) influence of climate and land use change on 
nutrient and chlorophyll-a concentrations in surface waters (e.g. Almeida et al., 2018; Kaushal 
et al., 2014; Molina-Navarro et al., 2014; Shrestha et al., 2017; Viaroli et al., 2018). This 
underlines the representative character of the basins covered by our study. Interestingly, the 
projected changes in nutrient and chlorophyll-a concentrations were more pronounced in 
















expected for rivers. The effects of nutrient stress, however, may not always manifest in these 
ecosystems, as short residence times and riparian shading dampen the ecological implications.  
 
Comparison of storylines and their effects on future predictions 
The future predictions highlighted that the mitigation measures implemented for the 
Consensus World best supported the achievement of good ecological status. This scenario 
seems most favorable to minimize negative anthropogenic impacts on European surface 
waters. The lower nutrient and chlorophyll-a predictions indicate that the measures to reduce 
nutrient inputs and phytoplankton growth were effectively improving the ecological status of 
the water bodies. However, future predicted concentrations were not always lowest for the 
Consensus World. For instance, specific technical improvements for the Techno World made 
for the potential to enhance the water quality in some case studies (e.g. by improving WWTP 
or irrigation efficiency). For the Fragmented World, in some cases the specific climatic and 
socio-economic conditions implied the extensification of farming, including land 
abandonment, for which the consequences are favorable to the ecological status. Our study 
showed that unless sympathetic management is prioritized future water resources may become 
unsustainable,. In some cases, water transfers will become essential to meet human and 
ecological demands. When this is necessary, whilst beneficial to the receiving basins, the 
impacts in the donor basins are likely to be highly adverse. 
 
Conclusion 
Our summary of future predictions for nutrients and chlorophyll-a implies higher 
eutrophication risks under the storylines of Techno and Fragmented World, which represent 
scenarios that are less environmentally friendly than the Consensus World storyline. The 
mitigation measures proposed in Consensus World thus seem to represent minimum standards 
















objective in environmental management, even more stringent measures are required to 
guarantee its achievement in European water bodies in the future.  
 
The three different storylines included in our study represent plausible future developments of 
the political, socio-economic and environmental contexts. However, given the complexity of 
the socio-ecological systems featuring saltatory developments and non-linear relations, any 
prediction of the future is always highly uncertain. Use of predictive modeling nevertheless 
presents an expedient opportunity to assess the consequences of our current actions and to 
project possible future conditions. This work is thus an important contribution to support the 
decision-making processes in a complex world. The future depends on what we do today – a 
reminder that it is up to us to shape the world in either a sustainable or untenable way. 
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 We synthesized studies modeling multiple stressor impacts on future water quality. 
 Assessment was based on scenarios including socio-economic and climate change. 
 Climate and land use change both drive the future water quality. 
 Targeted measures are needed to attain good water quality in the future. 
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